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In this investigation, the surface energy of a medium-grained 
igneous rock (Barre granite) was measured by breaking small, notched 
beams in bending. The technique was adapted from fracture toughness 
tests that have been used with metals and ceramics. The equations 
used for the calculation of surface energy were derived from several 
writers' equations for the stress intensity at the end of a notch in 
a beam subject to bending. 
Beam thickness, notch width and mineral occurring at the notch 
tip were evaluated for their influence on the calculated values of 
surface energy. The surface energy values obtained were used in 
conjunction with failure stresses from tensile and flexure tests 
to predict flaw sizes on the basis of the Griffith failure hypothesis. 
The surface energy measured by the notched-beam method was con-
sistent with values obtained for similar rocks by other methods. The 
only significant influence on the measured surface energy value was 
the occurrence of mica at the notch tip. Calculated flaw sizes were 
equivalent to the grain sizes of the rock tested, which supported the 
validity of the Griffith hypothesis for rock. 
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I. INTRODUCTION 
A complete understanding of the failure process in rock is 
essential to all investigations in rock mechanics. Presently, 
however, the failure mechanisms are poorly understood. Only 
recently has brittle fracture of rocks been studied in detail (1).* 
The current emphasis by many investigators is toward re-
placing the older theories based on description and classification 
of failure with a mathematical model that can predict the behavior 
of rock under any conditions. Some work has been done with the 
energy requirements for failure, notably modifications of the 
Griffith theory (1,2,3,4,5). The hypothesis has been discussed 
by several writers (5,6,7) and is regarded as one of the best 
explanations of brittle fracture. 
The theory states that brittle fracture results from high 
tensile stresses at the tips of micro-cracks which cause local 
failure at the tip and extension of the crack. The crack will 
grow if the stress at the end of the crack is equal to, or 
greater than the maximum tensile stress that the material is 
able to sustain. 
* Numbers in parentheses indicate references listed in bibliography. 
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The terms: 
s 2 = 
f 
s 2 = 
f 
* 2 E Y 
1rC 
2 E '( 
2 (1-m )"tt" c 
(plane stress) (i) 
(plane strain) (ii) 
are defined as constant by the Griffith hypothesis (7). This can 
be equated to energy input for crack extension. Since crack exten-
sion produces two new surfaces, the energy input may be expressed as 
energy per unit area created, or surface energy ( ¥). Surface energy 
can be considered to be an intrinsic and potentially measurable mater-
ial property (8). 
This relationship may be regarded as an energy criterion for 
failure. Expressed differently, it may be said that surface energy 
is the amount of energy that must be used to produce a unit area of 
new surface. 
If the Griffith hypothesis is correct in describing the failure 
of rock, surface energy values obtained should be constant. The 
values obtained could be used in equation (i) with measured fail-
ure stresses to calculate the flaw (or crack) sizes necessary to 
induce failure (9). Since mineral grains and grain boundaries 
have been considered to function as Griffith cracks (10), the 
* See List of Symbols, Appendix B. 
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calculated flaw sizes can be compared with the grain size of the 
rock tested (9). The results to date have been inconclusive, the 
difficulty arising from the methods used for the determination of 
surface energy. This paper reports an investigation into the use 
of small notched beams in three-point bending for the determination 
of surface energy. A reliable method for surface energy determina-
tions will aid in testing the Griffith theory and lead to a better 
understanding of the failure mechanisms of rock. In addition, it 
3 
may provide an index by which rock breakage techniques may be measured. 
With this knowledge, it would be possible to predict the minimum 
amount of energy required to break the rock to a given size. This 
could provide very real benefits, since it is estimated that up to 
one thousand times more energy is used in rock breakage than is 
actually necessary (4). 
This was shown by Bailey and Dean (11) when they considered a 
parameter termed "specific energy" in comparing the efficiency of 
several methods of tunneling in ice. "Specific energy" defined how 
much energy was required to remove a unit volume of material by a 
given technique. The actual efficiency of each technique could not 
be determined, since the minimum energy required to remove a unit 
volume was not known. If the material under investigation does have 
a constant surface energy, the amount of energy required to remove 
a unit volume will depend primarily upon the size of the particle 
into which the original volume is broken. Applying this concept 
to the results of Bailey and Dean (11), the relative efficiencies 
of the techniques may be explained. The least efficient method, 
melting, produces the maximum new surface area, or smallest parti-
cles. The most efficient, a single laborer using a pick, is most 
likely to produce the largest pieces from a unit volume of material. 
Other factors must be recognized when comparing efficiencies 
of methods of breaking and removing material. For example, having 
the ability to selectively attack pre-existing planes of weakness 
or utilize a preferred direction of breakage will improve the 
efficiency of a given method. However, these efficiencies are only 
relative to other methods; the true efficiency could be determined 
only by knowing the minimum amount of energy required to remove a 
given amount of material. The minimum energy required could be 
expressed in terms of the surface energy of the material, and 
thus surface energy would be the fundamental parameter in measur-
ing the true efficiency of a breakage method. 
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II. LITERATURE REVIEW 
Considerable work has been done in fracture mechanics in 
metal and ceramics (12), and standards for fracture toughness 
testing have been devised and revised (13). 
In fracture toughness testing of metals, the general approach 
is to determine how large a crack can be tolerated without failure 
when loaded in a prescribed manner. The fracture toughness index 
values are used for design and quality control in the production 
of the metal. Surface energy, as such, is not directly evaluated 
in fracture toughness testing of metals. 
The determination of surface energy for rock does not provide 
criteria for the design of structures in rock in the same manner 
that fracture toughness testing is used for metals. Geologic dis-
continuities, compressive strength and tensile strength have more 
significance in determining the stability of openings in rock than 
surface energy values determined in the laboratory. The surface 
energy of rocks should provide an aid in testing various hypotheses 
of rock failure mechanisms, whose practical application leads to 
rock breakage and crushing criteria. 
In fracture toughness testing, the term "K", the stress inten-
sity factor of the elastic stress field local to the crack, is 
5 
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generally used. "K" is related to "G", the crack extension force, 
or the strain energy release rate with respect to crack extension 
as shown (14): 
K2 
= E G (plane stress) (iii) 
2 E G (plane strain) (iv) K = 2 (1-m ) 
Since "G" is the energy required for unit extension of the 
crack, it is twice "'If", the energy required per unit area created. 
The equations used for fracture toughness testing methods are 
reviewed by Srawley and Brown (14), Hofer (15) and Orowan (8). 
To date, few attempts have been made to determine the surface 
energy of rock materials. 
Brace and Walsh (16) made measurements of the surface energies 
of quartz and orthoclase, using the cleavage method developed earlier 
by Gilman (17). 
Santhanam and Gupta (18) have reported results on calcite, 
using the same technique. The determination of the surface energy 
of minerals was made by introducing a single crack into a crystal, 
and measuring the work required to extend the crack by pulling the 
two ends apart. This method works well for homogeneous substances 
into which a straight crack may be introduced, but is not readily 
adaptable to rocks formed of heterogeneous crystals of different 
minerals because single cleavage cracks cannot be initiated. 
Perkins and Bartlett (19) have further adapted this method 
for use with large rock samples. Wawersik (9) used a similar method 
to determine surface energies of a granite and a limestone. 
Davidge and Tappin (20) reported the determination of the 
effective surface energies of non-metallic, brittle materials from 
the three-point bending of notched bars. 
The procedure described by Davidge and Tappin (20) was chosen 
for investigation of its applicability to rock. Smaller specimens 
were required than with other procedures. The method eliminated 
the need for measurement of the new surface area created, and it 
was felt that some of the uncertainty of the methods used for the 
measurement of surface energy would be eliminated. 
The possible errors introduced by energy stored in the loading 
device are reduced because of the small sample size in relation to 
the loading frame. In any testing involving the application of a 
load to a specimen (either tensile or compressive), the apparatus 
used to apply the load to the specimen will deform, proportional 
to its size and elastic modulus. Upon failure of the specimen 
being tested, the energy stored in the loading device is released 
7 
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and contributes to the failure of the specimen. Thus, in conventional 
rock testing, once failure is initiated, it proceeds until the speci-
men is broken into two or more distinct pieces. If desired, this 
can be overcome by using a "stiff" testing machine (high modulus of 
elasticity). A hydraulic system of load application that eliminates 
the stored energy was used by Wawersik (9) to study the post-failure 
characteristics of rock. 
In the surface energy investigation, this problem was overcome 
by using small specimens requiring small ultimate loads. Because 
the load was small and the loading device "stiff" and large compared 
to the sample, the stored energy released into the sample at failure 
was insignificant. 
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III. BASIC MATHEMATICAL RELATIONSHIPS 
A. Definitions of Terms and Assumptions 
The method of surface energy determination investigated was 
basically the same as used by Davidge and Tappin (20). Small, 
thin bars of material were prepared and notched. The bars were 
then loaded as simple three-point beams until failure occurred. 
The beams were prepared to dimensions of b, 1, and d, and 
notched in the center to a depth of c, as shown in Figure 1. The 
load (P) was applied directly over the end of the notch, with 
reactions (P/2) at each end of the beam. 
In the derivation of the equations, the material was considered 
to be a linear elastic, homogenous, isotropic solid. The stress 
perpendicular to the plane defined by (d, 1) was assumed to be zero, 
so that the notch tip was in a condition of plane stress. 
Since the width of the notch was small compared to the length 
(1) and height (d) of the beam, it was assumed to function as a 
Griffith crack. Thus at failure, the effective surface energy was (20): 
2 









































































B. Nominal Stress Conditions 
The nominal stress at the notch tip was considered as the 
outer fiber stress on a beam of dimensions 1, b, (d-c)(Figure 1). 
This is given by: 
S = M X 
I 
(vi) 










b (d-c) 3 
4 
3 p 1 
2 Zb (d-e) 
(vii) 
Substituting this expression into equation (v), the equation 
for effective surface energy at failure becomes: 
't'= (viii) 
The above expression was derived considering that the neutral 
axis of the beam was at the center of the un-notched section. When 
11 
the notch depth is greater than 0.1 times the beam height, this is not 
12 
true. The actual position of the neutral axis in the un-notched 
section of the beam is a function of the notch depth to beam height 
ratio. A finite element analysis of the problem has shown that when 
~ = 0.5, the neutral axis shifts 0.155 ~ toward the notch tip 
(21). This shift would decrease the stress at the crack tip, thus 
making the effective surface energy as calculated by equation (viii) 
greater than the actual effective surface energy. 
C. Modifications of Nominal Stress Considerations 
1. Davidge and Tappin (20) considered: 
(ix) 
as the basic equation, and define the stress at failure as: 
3 p 1 jz, 
2 bd 
(x) 
which is the bending stress on a beam of dimensions b, 1, d 
(Figure 1). 
When -£ 2': 0 .1, corrections were applied to the equations 




8 Eb 2 (d-c) 3 
(xi) 
Values of f(~) for various notch depths are shown in Table I. 
2. Srawley and Brown (14) take the equation in the form: 
E G = 
The function h(£) was given as: d 
2 3 
31 7 (c) 64 8 (£) + 211 (.£) 
• d - • d d 
(xii) 
Since G • 2 Y:, the equation expressed in terms of surface 
energy becomes: 
(xiii) 
c Values of h(0 ) are given in Table I. 
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3. Paris and Sih (22) and Hofer (15) consider the equation 
in the form: 
c 
K = 
6M g(d) (xiv) 
(d-e) 3/2 
where: 
K = '\j2 E't 
For three-point bending, and a thickness b, this becomes, 
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c Values of g(0) are given in Table I. 
4. Bueckner (23) developed a theoretical solution for the 
stress singularity at the end of a notch in a beam subject to 
bending given by: 
(xvi) 
Values for k(£) are given in Table I. 
5. Srawley (24) gave procedures and equations for plane 
strain fracture toughness testing of notched beams in bending. 
Stress intensity factor equations were given for beams subject 
to three-point bending and 1/d ratio of 4. The equation for 
surface energy derived from the stress intensity equation was: 
(xvii) 
c The function h' (d) was given as: 
Some values of h'(~) for various (~)ratios are given in Table I. 
Taking the equations shown for surface energy and grouping the 
common terms, each contains the factor: 
(xviii) 
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multiplied by a function of (~). The values of the function for each 
expression are given in Table I, and are different for each expression 
for surface energy. 
In order to use the notched-bar method for surface energy deter-
minations, it must be known which of the expressions shown above is 
most valid. Surface energy calculations were made from the experi-
mental data using each of the expressions. Statistical tests were 
performed on the results to see which expression gave the most 
consistent results. 
IV. ENERGY LOSSES 
The discussion to this point has been based on a linearly 
elastic solid material. Since few materials are perfectly linearly 
elastic, especially near failure stress levels, at least a part of 
the applied energy is used in plastic deformation of the material. 
Therefore, the surface energy term ( ~), should include a term for 
17 
the plasticity, as suggested by McClintock and Walsh (4). The surface 
energy term ( ~) as used in this investigation was the effective sur-
face energy, and included the true surface energy plus a plasticity 
term. Orowan (8) described this energy term as work of fracture, 
including surface energy and plastic deformation. 
Ideally, it is possible to determine the effective surface 
energy from load deflection curves of beams loaded to failure. 
Figure 2A shows an ideal load-deflection curve for a beam loaded 
to failure. Point A indicates the load at which failure of the 
sample occurs. If the fracture goes completely through the beam, 
the load drops to zero (point Bon Figure 2A). The area beneath 
the curve (OAB) is the work done in fracturing the beam. The sur-
face area created in fracturing the notched beam would be 2b(d-c) 
(Figure 1). Dividing the work done by the surface area created 
gives the work of fracture, or surface energy. This method was used 
by Davidge and Tappin (20) on notched beams of non-metallic materials. 











FIGURE 2 . Ideal force- deflection curves 
P = force 
8 = deflection 
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beams by hanging weights. Thus, when failure was initiated, it 
proceeded all the way through the beam because the load was con-
tinuously applied. If the load were applied to the beam in a manner 
that did not cause failure to propagate through the beam, it may be 
possible to evaluate the amount of work lost in plastic deformation 
of the sample. This would result in knowing the relationship be-
tween the measured effective surface energy value and the true 
surface energy. 
In the ideal case, this would be done as shown in Figure 2B. 
Point A again indicates the load at which failure occurs. The 
fracture propagates partially through the beam, and the load drops 
to C. The residual load is then reduced to zero, but the beam does 
not return to zero deflection (see line OD, Figure 2B). Therefore, 
area (OACD) represents the total work of fracture, and area (OCD) the 
work done in plastic deformation of the unfractured portion of the 
beam. 
V. EXPERIMENTAL PROCEDURE 
A. Rock Used 
The rock chosen for testing was a medium-grained, quartz-
biotite granite from the Barre, Vermont area. It was chosen 
for its relatively uniform grain size and apparently isotropic 
nature. A granite was preferred over a mono-mineral rock so 
that the effect of the mineral located at the tip of the notch 
could be investigated. 
The granites from the Barre region have been studied in 
detail and have been found to be remarkably uniform in their 
mineralogy (25,26). The granite contains about 24% quartz; 
55% feldspars (20% microline, 25% plagioclase); 19% micas 
(nearly equal biotite and muscovite); the remainder, minor 
accessory minerals (26). The grain sizes range from 0.1 to 
0.2 inch, with occasional "strings" of mica approaching 0.3 
inch in length. 
B. Preparation of Specimens 
20 
The specimens were initially cut as slices, 1 inch by 2.5 
inches by 0.1 inch on a diamond blade saw. They were then ground, 
unmounted, on a thin section grinder to remove saw marks and to 
reduce the thickness. 
The specimens were then ground on a surface grinder to 
reduce the height and to make the two long edges parallel. 
Final specimen dimensions were 2.5 inches by 0.5 inch (d) by 
0.02 ~(b) ~0.1 inch (dimensions as in Figure 1). 
The notches were cut using a wire saw with an abrasive 
slurry. The saw used wires of a nickel-chromium alloy as 
blades. Wire diameters used were 0.0035 inch, 0.0050 inch 
and 0.010 inch. The abrasive slurry was a mixture of 400 
21 
mesh boron carbide, glycerine and water. The slurry was applied 
by hand to the wire as it passed over the specimen. This method, 
although tedious, enabled straight, narrow notches to be cut in 
even the thinnest specimens. Notch depths (c in Figure 1) were 
made so that the c/d ratio was as near 0.5 as possible. 
So that no relationship between notch width and sample 
thickness would exist, notch widths were randomly prepared. 
This enabled the notch widths and specimen thicknesses to be 
checked independently for their effect on the results of test-
ing. 
The same result was desired for the mineral in which the 
notch ended, that is, no relationship was desired between notch 
width, thickness of the sample and mineralogy at the tip. Be-
cause of the natural distribution of the minerals in the rock 
used, no special effort was necessary to achieve this end. 
C. Loading Device 
The loading device designed for this investigation is 
shown in Figure 3. The device consisted of a single, fixed 
knife edge, mounted ahead of a quartz load cell; and a move-
able block with two knife edges. The distance between the 
22 
knife edges on the moveable block was 1.5 inches (1 in Figure 1). 
The slot for the moveable block was machined so that the fixed 
knife edge was centered between the two knife edges on the block. 
In testing, a sample was placed flat between the knife 
edges on a spacer which held it on the center line of the load 
cell mounted behind the single knife edge. The sample was posi-
tioned so that the fixed knife edge was directly opposite the end 
of the notch. Rotation of the threaded rod advanced the sliding 
block to load the sample. The output of the load cell recorded 
the applied load (P in Figure 1) on a chart recorder. 
After initial testing had been completed, it became neces-
sary to measure the displacement of the sliding block, since 
this would enable load deflection curves to be drawn, and the 
amount of energy lost in plastic deformation to be evaluated. 
The displacement of the block was measured by means of a linear 
variable differential transformer (LVDT). The LVDT consisted of 
basically a transformer with a primary coil and two secondary 
coils, wound in opposite directions. An iron core was free to 

move between the primary and secondary coils. With a constant 
power source applied to the primary coil, the output of the 
secondary coils was proportional to the displacement of the 
iron core. The transformer of the LVDT was attached to the 
loading device and the moveable core attached to the sliding 
block. 
D. Recording Apparatus 
The first set of forty randomly chosen samples were loaded 
in the device to failure. The load was recorded on a Honeywell 
Electronik 16 Multipoint Strip Chart Recorder. In order to ob-
tain load-deflection curves for the remainder of the samples, 
the outputs of the load cell and the LVDT were used to drive a 
Hewlett-Packard, Mosley Autograf X-Y Recorder. 
24 
VI. EXPERIMENTAL RESULTS 
A. Surface Energy Calculations 
Surface energies were calculated from the collected data 
(Appendix A) using each of the equations shown in Table I. 
25 
The mean surface energy as calculated from each formula is 
shown in Table II. Table III shows the mean calculated surface 
energies for the significant variables; notch width and mineral-
ogy at the notch tip. 
Compared with surface energies of rock and minerals deter-
mined by other methods (9, 16, 19), the results yielded by the 
equations of Davidge and Tappin (20), Hofer (15), Paris and Sih 
(22), and Srawley (24) were the correct order of magnitude. 
In order to calculate surface energy, it was necessary 
to know the modulus of elasticity of the material tested. The 
modulus of elasticity of the rock tested was determined in ten-
sion and compression (Table II). The tension modulus was used 
in the calculation of surface energy. Calculation of the modulus 
of elasticity from the applied force and measured deflection of 
the beams indicated a modulus in bending intermediate to the 
moduli in compression and tension. 
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an 85% level of confidence to determine the effect of sample 
thickness, notch width and tip mineralogy in surface energy 
values. The only significant parameter was the occurrence of 
mica at the notch tip. The mean surface energy for samples in 
which mica occurred at the notch tip was 60% lower than the 
mean surface energy for samples where mica did not occur at the 
notch tip. These results were significantly different to a 90% 
level of confidence. 
B. Predicted Flaw Sizes 
It has been postulated that grain boundaries may function 
as Griffith flaws in rocks (3). Therefore, the average grain 
sizes of rocks should correlate with the flaw size necessary 
for failure at a known stress. This hypothesis has been tested 
(9,19) by solving the basic Griffith equation for c: 
c = 
2 E '6 
.,. s 2 
f 
(xix) 
The results of earlier attempts did not yield flaw sizes 
equivalent to grain sizes in the rocks tested, either because 
of uncertainties in the determination of surface energy (19) or 
possible errors in the calculation of predicted flaw size (9). 
The calculated surface energies from this investigation 
(Table IO were used with the failure stresses from flexure and 
tensile tests of the rock to calculate flaw sizes necessary for 
failure. The calculated flaw sizes are shown in Table II. With 
the exception of those using surface energy as calculated from 
the Bueckner (23), Srawley and Brown (14), and nominal stress 
equations, the predicted flaw sizes fell within the range of 
grain sizes present in the rock. 
29 
VII. ANALYSIS OF RESULTS 
There was some question in the literature (27) as to whether 
the material at the root of the notch is in a condition of plane 
strain or plane stress. Since, by the accepted definition of plane 
stress, the specimens were in plane stress, this form of the energy 
equation (i) was used. However, the crack may initiate at mid-
thickness of the sample, and the condition may have been plane 
strain due to constraint by the thickness of the sample. There 
was no real method for telling exactly what condition did exist at 
failure (27). An error in this consideration would result in multi-
plication of the results by a factor ( m) (m =Poisson's ratio); 
30 
or for the rock tested, approximately 0.9. The resulting lower 
surface energy values, when used to calculate necessary flaw sizes 
for failure, would yield results within 10% of the correct magnitude. 
The wide variation noted in the values for samples in which the 
notch terminated in feldspar were thought to be due to the orienta-
tion of the crystallographic axes of the crystal in relation to the 
applied stress. No determinations were made to find the quantitative 
effect of this orientation, but the conclusion was supported by re-
sults reported by Brace and Walsh (16). 
Small flaws were observed in most of the samples prior to loading 
(Figure 4). ~hese were either microcracks in the quartz grain boun-
dary separations, or cleavage in the mica or feldspar. It was not 
31 
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.01 inch 
FIGURE 4 Notch Tip in Unbroken Sample . 
known what effect these flaws had in the region surrounding the crack 
tip. In at least one instance, a pre-existing flaw caused a sample 
to fail at a point removed from the crack tip (Figure 5). 
After observation of many samples, it became apparent that there 
was a preferred orientation of flaws in some samples. Quantitative 
data could not be obtained since there was no way to relate the orien-
tation of one sample to another. Preferred orientation of flaws and 
corresponding planes of weakness have been reported for an otherwise 
isotropic rock by Willard and McWilliams (28). It was apparent that 
the anisotropy of rocks that are generally considered isotropic should 
be considered in detail. 
The force-deflection curves did not yield the anticipated re-
sults because, in most of the samples, the crack, once initiated, 
propagated through the samples. On samples that did not crack en-
tirely through the specimen, it was possible to reduce the load to 
zero. There was no significant amount of permanent deflection in 
the sample after removal of the load. This indicated that little 
energy was lost in plastic deformation, and that the calculated 





Failure Induced by Pre-existing Flaw. 
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VIII. CONCLUSIONS AND RECOMMENDATIONS 
The results of this research indicated that the surface energy 
of rocks could be measured using small, notched beams subjected to 
bending. The values that were obtained were consistent with those 
determined by other, more difficult methods. The main improvement 
over previous methods was the elimination of the need to measure 
surface area created by the fracture. 
Using small sample dimensions in combination with a stiff loading 
device reduced the energy loss due to rebound of the loading system. 
This allowed the energy losses due to plastic deformation to be eval-
uated. It was found that these energy losses were negligible in this 
testing, so that the measured surface energy was very close to the 
true surface energy. 
Different expressions for the stress conditions at the end of a 
notch in a beam subject to bending were evaluated. It was concluded 
that the equations shown by Srawley (24) were the most applicable to 
the testing. This conclusion has been verified by similar testing 
performed on beams of plexiglass (29). 
There were several questions raised that can only be answered 
by further research: 
A. What are the effects of the different moduli of elasticity in 
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compression and tension? 
It was obvious that failure in the notched specimen is tensile. 
But in bending, part of the beam was in compression, and the bending 
stresses and deflection depended upon the modulus of elasticity. As 
mentioned previously, the deflection of the rock beams indicated a 
modulus of elasticity somewhere between the tensile and compressive 
module. 
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B. What is the effect of the apparently anisotropic nature of the rock? 
Oriented specimens should be prepared and the preferred direction 
of flaws determined to evaluate the effect on surface energy determina-
tions. Preferred planes of weakness in apparently isotropic rocks have 
indicated their anisotropic nature (30). 
C. Do standard beam theory equations apply to a small rock beam? 
The equations were based on linear elastic theory. Since rock 
often exhibits departures from linearity, elastic theory may not be 
perfectly adaptable. 
Regardless of the limitations, additional research was indicated, 
since accurate determination of surface energies of rock is important 























APPEND IX A -- DATA 
:ff Sample Identification 
b Sample Thickness (Figure 1) 
d Sample Height (Figure 1) 
c -- Depth of Notch (Figure 1) 
N -- Notch Width -3 (x 10 inches) 
M Mineral at Notch Tip 
F - Feldspar 
Q - Quartz 
M - Mica 
I - Combination - First Predominant 
P Load at Failure -- 1bs. 
& Deflection of Beam at Failure -- inches. 
( * -- not measured) 
b d c N M p 
.068 .561 .260 3.5 Q 7.65 
.048 .588 .270 3.5 F 3.9 
.104 .528 .274 3.5 F 11.8 
.069 .538 .279 3.5 Q 7.95 
.076 .542 .275 3.5 Q 7.75 
.075 .549 .267 3.5 M/Q 6.15 
.071 .524 .274 3.5 F 4.7 
.051 .540 .214 3.5 M/F 9.64 
.079 .547 .264 3.5 F 10.0 
.059 .573 .310 5 M 3.0 
.068 .553 .240 5 F 9.35 
.063 .535 .213 5 F/Q 9.9 
.050 .575 .300 5 Q 4.32 
.065 .519 .214 5 F/M 8.5 
.069 .543 .220 5 Q 14.0 
.062 .540 .283 5 F/Q 7.35 
.055 .535 .269 5 Q 7.33 
.059 .540 .268 5 Q/F 5. 72 























APPENDIX A (CONT 'D.) 
1f: b d c N M p & 
21-A .058 .573 .275 5 F 6.38 
* 23-A .051 .590 .255 10 F 4.15 
* 25-A .061 .540 .243 10 Q 8.05 i( 
26-A .061 .572 .237 10 F/M 11.2 •k 
27-A .073 .530 .230 10 Q/F 10.35 ·k 
28-A .061 .550 .251 10 Q 7.3 
* 29-A .050 .553 .262 10 F 5.55 
* 30-A .090 .530 .235 10 F 9.1 * 31-A .077 .545 .250 10 Q/M 11.1 * 33-A .026 .512 .246 3.5 M 3.75 i( 
34-A .038 .550 .261 5.0 Q 4.6 i( 
35-A .055 .568 .260 10.0 Q/F 7.65 i( 
2 .046 .525 .263 5.0 Q/M 5.5 ~'< 
3 .044 .522 .261 5.0 F/M 3.75 i( 
4 .044 .555 .278 5.0 M 3.1 * 
5 .036 .530 .245 5.0 F 2.95 * 
6 .106 .527 .263 5.0 F/Q 11.0 .0018 
8 .040 .532 .245 5.0 Q/M 4.95 .00735 
9 .034 .533 .250 5.0 F/Q 4.1 .00735 
10 .030 .531 .250 5.0 Q 2.55 •k 
11 .076 .535 .268 5.0 Q/F 9.8 .0075 
12 .060 .571 . 236 5.0 F 6.15 -;'( 
13 .034 .540 .245 5.0 Q 5.1 * 
14 .032 .549 .237 5.0 F 4.50 .00225 
15 .037 .534 .245 5.0 M/Q 2.95 .004 
17 .040 .530 .254 5.0 M/Q 3.4 .003 
18 .040 .536 .268 5.0 F 4.55 .005 
19 .042 .537 .268 5.0 F 4.4 .004 
20 .042 .550 .275 5.0 F 4.25 .0072 
21 .042 .552 .276 5.0 Q/F 3.35 ~'< 
24 .041 .550 .275 5.0 Q 4.35 .0078 
25 .043 .548 .247 5.0 Q/F 5.2 .0021 
26 .037 .500 .270 5.0 M 1.6 .0024 
27 .049 .525 .245 5.0 F 3.8 .0023 
28 .035 .535 .238 5.0 Q 4.0 .0026 
30 .042 .534 .269 5.0 F 3.25 .0024 
31 .041 .533 .263 5.0 M 2.0 .0028 
32 .039 .534 .271 5.0 F/M 4.0 .0041 
33 .038 .538 .263 5.0 F 3.4 .0037 
34 .034 .547 .232 5.0 Q 3.3 .0024 
35 .036 .534 .232 5.0 Q/F 4.0 .0023 
36 .036 .534 .244 5.0 F 3.5 .0021 
38 .022 .516 .251 3.5 Q/M 2.05 * 
39 .090 .527 .240 10 Q/F 11.1 .0038 
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APPENDIX A (CONT'D.) 
iffo b d c N M p s 
41 .031 .518 .255 3.5 M 2.6 ~~ 
42 .026 .515 .254 3.5 F 3.55 * 
43 .031 .516 .256 3.5 M 2.45 * 
44 .030 .519 .254 3.5 F 2.7 * 
45 .030 .517 .250 3.5 M/F 2.3 .0020 
47 .059 .540 .221 3.5 Q 9.5 .0039 
49 .054 .575 .238 3.5 F 6.45 .0033 
50 .057 .578 .242 3.5 F 7.0 * 
APPENDIX B 
LIST OF SYMBOLS 
Surface energy in-lbs 
in2 
S Stress in the specimen 
M Bending moment in the specimen 
x Distance from neutral axis of specimen 
I Moment of inertia of specimen around the neutral axis 
P Load applied to specimen-- lbs. 
' Deflection of specimen during bending 
1 Distance between loading supports 
b Thickness of specimen 
d Height of specimen 
c Depth of notch in specimen 
K Stress intensity factor 
G Strain energy release rate 
E Modulus of elasticity 
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